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order	 to	 introduce	 the	 basic	 principles,	 advantages	 and	 limits	 of	 the	 CSP	 and	 Biomass	technologies,	 as	 well	 as	 the	 hybrid	 technology.	 Chapter	 2	 is	 dedicated	 to	 the	 numerical	simulation	 of	 the	 Termosolar	 Borges	 power	 plant,	 to	 analyze	 how	 a	 hybrid	 power	 plant	operates	 and	 to	 get	 important	 technical	 and	 economic	 information.	These	 results,	 properly	validated	by	comparing	 them	to	 the	real	data	 taken	 from	the	Termsolar	Borges,	 are	used	 in	
Chapter	3	to	 do	 the	upscaling	 of	 the	 reference	plant	 to	 the	 size	 of	 conventional	 CSP	power	plants	 with	 TES	 systems,	 50	 MW	 of	 gross	 installed	 capacity.	 The	 upscaled	 plant	 is	 then	simulated	 and	 analyzed	 as	 in	 the	 case	 of	 the	 reference	 plant.	 The	 performance	 of	 the	reference	and	upscaled	50	MW	hybrid	power	plants	are	then	compared	to	conventional	CSP	power	plants,	with	 and	without	TES,	 from	both	 a	 technical	 and	 economic	point	 of	 view.	 In	





1.2.1.		Basic	Principles	Concentrating	Solar	Power	(CSP)	plants	use	mirrors	to	concentrate	sunlight	onto	a	receiver,	which	 collects	 and	 transfers	 the	 solar	 energy	 to	 a	 heat	 transfer	 fluid	 that	 can	 be	 used	 to	supply	 heat	 for	 end-use	 applications	 or	 to	 generate	 electricity	 through	 conventional	 steam	turbines	 [1].	 CSP	 plants	 can	 be	 equipped	 with	 a	 thermal	 energy	 storage	 system,	 which	increases	 the	 capacity	 factor	 and	 dispatchability	 of	 the	 plant,	 to	 allow	 for	 heat	 supply	 or	electricity	generation	also	during	sunless	hours,	when	the	sky	is	cloudy,	and	at	night.	Unlike	solar	photovoltaics	(PV),	CSP	uses	only	the	direct	component	(DNI)	of	sunlight	and	provides	heat	 and	 power	 only	 in	 regions	with	 high	 DNI	 (i.e.	 Sun	 Belt	 regions	 like	 North	 Africa,	 the	Middle	East,	the	southwestern	United	States	and	southern	Europe)	[1].		CSP	power	plants	consist	of	three	major	subsystems	[2]:			
• The	 solar	 field,	 which	 concentrates	 the	 solar	 energy	 onto	 the	 receiver,	 where	 it	 is	collected	by	the	Heat	Transfer	Fluid	(HTF).	There	are	three	types	of	HTF:	water,	oil	or	molten	 salts.	 In	 the	 last	 two	 cases,	 additional	 heat	 exchangers	 are	 required	 for	running	the	steam	cycle.	
	
• The	power	block,	where	 the	produced	 steam	 is	used	 to	 spin	 a	 turbine	 and	produce	electricity.	Usually,	steam	Rankine	cycles	are	employed.		
	
• Additionally,	a	thermal	energy	storage	(TES)	system	can	be	installed,	in	order	to	store	excess	energy	collected	during	periods	of	high	irradiation	and	utilize	it	during	sunless	hours,	or	at	night.	It	can	provide	dispatchable	energy	also	when	the	solar	resource	is	scarce.	
		In	order	to	 increase	even	more	the	power	plant	availability,	 it	can	be	hybridized	with	fossil	fuels,	 usually	natural	 gas	 or	 coal,	 or	 renewable	 energy	 sources,	 such	 as	biomass.	 Since	 this	aspect	 is	 central	 to	 the	 thesis,	 it	 will	 be	 further	 discussed	 in	 the	 following	 chapters.	Depending	on	the	process	through	which	the	solar	energy	is	collected	and	transferred	to	the	HTF,	CSP	systems	are	classified	into	four	different	technologies.		


































































1.3.1.		Basic	Principles	Biomass	is	any	organic	matter	that	can	be	used	as	an	energy	source,	either	directly	or	in	the	form	of	a	biofuel.	Plants	are	able	to	convert	solar	energy	into	chemical	energy,	storing	it	in	the	form	of	carbohydrates,	which	is	then	exploited	to	generate	heat	and	power	through	different	processes	 depending	 on	 the	 type	 of	 biomass	 [18].	 There	 are	 four	main	 sources	 of	 biomass	energy	[19]:		
• Wood	 and	 agricultural	 products:	 the	 largest	 source	 of	 biomass	 energy	 today,	including	 forest	 residues	 (e.g.	 dead	 trees,	 branches),	 wood	 chips	 and	 agricultural	waste	products	(e.g.	fruit	pits,	corncobs).	A	large	variety	of	tree	species	and	types	of	plants	can	also	be	specifically	grown,	with	the	purpose	of	using	it	as	fuel	or	feedstock	for	 industrial	processes.	These	types	of	biomass	can	be	directly	burnt	 for	producing	electricity	and	heat,	using	burners	or	boilers	in	conventional	power	plants.		
• Municipal	 Solid	 Waste:	 commonly	 known	 as	 trash	 or	 garbage,	 it	 is	 composed	 of	organic	and	inorganic	material,	which	can	be	burnt	to	produce	energy	since	it	has	still	some	heat	energy.	Not	all	garbage	 is	biomass;	half	of	 its	energy	content	comes	from	plastics,	 which	 are	 petroleum-based,	 and	 constitute	 quite	 a	 large	 part	 of	 it.	 Power	plants	that	burn	garbage	for	energy	are	called	waste-to-energy	plants	and	are	based	on	the	same	operating	principle	as	conventional	coal-fired	power	plants.		
• Landfill	gas	and	Biogas:	 it	 is	methane	gas	produced	by	buried	waste	 in	deposit	sites	for	waste	material,	 known	as	 landfills.	Methane	gas	 is	 collected	by	 a	piping	 system,	purified	 and	 used	 as	 a	 fuel.	 Biogas	 can	 also	 be	 produced	 using	 energy	 from	agricultural	 and	 human	 wastes,	 through	 biogas	 digesters,	 which	 are	 airtight	containers	 or	 pits	 lined	 with	 steel	 or	 bricks.	 Waste	 put	 into	 the	 containers	 is	fermented	without	 oxygen	 to	 produce	 a	methane-rich	 gas.	 This	 gas	 can	 be	 used	 to	produce	electricity,	or	for	cooking	and	lighting.			




conversion	 technology	 that	 converts	 biomass	 into	 an	 intermediate	 product	 (e.g.	 hot	water,	steam,	gaseous	or	liquid	products),	and	a	secondary	conversion	technology	which	transforms	these	products	into	heat	and	power	[20].	The	most	adopted	systems	are:		
• Direct	combustion:	 it	 is	a	process	 in	which	the	fuel	 is	burnt	with	oxygen	from	air	to	release	the	stored	chemical	energy	as	heat	in	burners,	boilers	or	internal	combustion	engines,	at	temperatures	around	1200-1700	°C.	The	heat	generated	from	combustion	can	also	be	used	to	produce	steam,	to	be	used	in	secondary	conversion	technologies,	like	 steam	 turbines	 in	 an	Organic	 Rankine	 Cycle	 (ORC),	 to	 generate	 electricity.	 The	biomass	utilized	must	be	of	low	moisture	content,	since	part	of	the	heat	is	utilized	to	evaporate	the	water,	reducing	the	efficiency.		
• Gasification:	it	is	a	high-temperature	thermochemical	conversion	process	designed	to	convert	solid	biomass	into	a	gaseous	fuel,	the	syngas.	It	involves	the	partial	oxidation	of	 biomass	 in	 a	 fuel	 rich	 environment,	 at	 temperatures	 around	 700	 °C.	 After	appropriate	 treatment,	 the	 produced	 gas	 can	 be	 burnt	 directly	 for	 cooking	 or	 heat	supply,	 or	 used	 in	 secondary	 conversion	 technologies,	 such	 as	 gas	 turbines	 and	engines	 to	 produce	 electricity	 or	 mechanical	 work	 [21].	 Integrated	 Gasification	Combined	 Cycle	 is	 one	 of	 the	 most	 attracting	 power	 generation	 processes	 to	 be	coupled	with	gasification,	both	in	terms	of	high	efficiency	and	reduced	environmental	impact.		
• Pyrolysis:	 it	 is	 a	 thermochemical	 process	 in	 which	 biomass	 is	 exposed	 to	 high	temperatures	in	the	absence	of	air,	causing	the	biomass	to	decompose	[22].	The	end	product	 is	a	mixture	of	 solids	 (char),	 liquids	 (oxygenated	oils),	and	gases	 (methane,	CO,	and	CO2).	Depending	on	the	duration	and	temperature	of	the	process,	it	is	possible	to	 distinguish	 between	 slow	 pyrolysis,	 around	 300°C	 for	 up	 to	 few	 days,	 and	 fast	pyrolysis,	in	which	organic	materials	are	rapidly	heated	up	to	500-600	°C.	The	goal	of	fast	pyrolysis	 is	 to	 increase	 the	yield	of	 the	 liquid	product,	 to	produce	a	 liquid	 fuel,	called	bio-oil	or	pyrolysis	oil,	which	can	be	used	for	heating	or	power	generation	[21].	The	main	benefit	of	pyrolysis,	relative	to	combustion	and	gasification,	is	that	its	liquid	fuel	product	is	easier	to	transport	than	either	solid	or	gaseous	fuels.	(This	means	that	the	pyrolysis	plant	does	not	have	to	be	near	the	end-user	point	of	the	bio-oil,	but	can	instead	 be	 located	 near	 the	 biomass	 supply,	 resulting	 in	 lower	 fuel	 transportation	costs.)				




concentrated	nitrogen	fertilizer,	and	also	neutralizes	wastes	that	would	otherwise	be	dumped	into	the	environment	[23].			Other	conversion	technologies	can	be	implemented	for	exploiting	biomass	energy,	with	other	primary	 applications	 different	 from	 power	 generation:	 these	 are	 Dilute	 Acid	 Hydrolysis,	
Liquefaction	and	Transesterification.	While	the	first	two	technologies	are	used	for	producing	various	 liquid	 fuels	 or	 chemicals,	 Transesterification	 is	 used	 for	 producing	 biodiesel,	 used	primarily	for	transportation.					
	










Another	interesting	use	of	biomass	for	power	generation	is	the	so-called	Co-firing.	It	consists	in	 burning	 biomass	 together	 with	 coal	 in	 conventional	 coal-fired	 power	 plants.	 The	 fuel	properties	of	biomass	differ	significantly	from	those	of	coal,	some	of	which	are	ash	contents,	a	generally	 high	 moisture	 content,	 potentially	 high	 chlorine	 content,	 relatively	 low	 heating	value,	and	low	bulk	density.	They	also	vary	considerably	between	different	types	of	biomass,	ranging	 from	 woody	 to	 herbaceous.	 These	 properties	 affect	 design,	 operation,	 and	performance	of	co-firing	systems	[28].	There	are	three	types	of	biomass	co-firing:	Direct	co-
firing,	 with	 the	 biomass	 burnt	 directly	 in	 the	 existing	 coal	 furnace.	 Direct	 co-firing	 can	 be	done	 either	 by	 pre-mixed	 the	 raw	 solid	 biomass	 (generally	 in	 granular,	 pelletised	 or	 dust	form),	with	the	coal	 in	the	coal	handling	system	or	by	the	milling	 it	and	directly	 injecting	 it	into	the	pulverised	coal	firing	system;	Indirect	co-firing,	with	the	biomass	first	gasified	before	the	 resulting	 syngas	 is	 combusted	 in	 the	 coal	 furnace;	 Parallel	 co-firing,	 with	 the	 biomass	burnt	 in	 a	 separate	 boilers,	 and	 utilisation	 of	 the	 steam	 produced	 togheter	 with	 the	 one	coming	from	the	main	coal	power	station	steam	circuit	[29].	This	last	parallel	configuration	is	very	 similar	 to	 the	principle	of	operation	of	hybrid	CSP-biomass	power	plants,	 as	 it	will	be	further	analyzed	in	the	following	chapters.			

















1.3.5.		Worldwide	Biopower	Market	Biomass	 power	 generation	 is	 based	 on	 well-established	 and	 commercially	 available	technologies,	making	 it	accessible	and	easy	 to	 implement	worldwide.	Most	of	 the	biopower	plants	use	direct-fired	systems	to	generate	electricity,	with	the	largest	ones	concentrated	in	the	Nordic	countries	and	the	United	Kingdom.	In	the	United	Kingdom,	it	is	located	the	largest	pure	biomass	power	plant	in	the	world,	Ironbridge	power	plant,	with	an	installed	capacity	of	740	MW.	Globally,	biopower	capacity	is	increasing	year	by	year,	mainly	due	to	its	key	feature	of	 being	 a	 source	 of	 backup	 and	 dispatchable	 electricity	 compared	with	 conventional	 RES,	with	 a	 total	 of	 112	 GW	 installed	 at	 the	 end	 of	 2016.	 The	 leading	 country	 for	 electricity	generation	 from	 biomass	 in	 2016	was	 the	 United	 States	 (68	 TWh),	 followed	 by	 China	 (54	TWh),	Germany	(52	TWh),	Brazil	(51	TWh),	Japan	(38	TWh),	India	and	the	United	Kingdom	(both	30	TWh)	[12].	Although	the	United	States	was	the	largest	producer	of	electricity	from	biomass	 sources,	 according	 to	 [35],	 Europe	 is	 the	 largest	 biopower	 market	 in	 the	 world,	accounting	for	34.7%	of	the	global	cumulative	biopower	installed	capacity.	Asia-Pacific	is	the	second-largest	region	with	a	share	of	30.25%,	followed	by	North	America,	South	and	Central	America,	and	the	Middle	East	and	Africa.	The	rise	in	global	installed	capacity	during	the	last	years	 can	 mainly	 be	 attributed	 to	 the	 installations	 in	China	and	Brazil.	Brazil, the	 largest	overall	 consumer	 of	 electricity	 and	 bio-power	 in	 Latin	America,	used	 almost	 entirely	 solid-biomass	 conversion,	 with	 negligible	 biogas	 capacity	 addition.	China,	 on	 the	 other	 hand,	installed	biomass	and	biogas	plants.	The	steady	growth	of	the	cumulative	capacity	is	expected	to	continue,	to	reach	165.2	GW	by	the	end	of	2025,	with	more	than	84%	of	the	capacity	using	solid-biomass	conversion	technology.		Regarding	Europe,	bioenergy	only	represents	18	percent	of	renewable	electricity	production,	but	 as	 intermittency	 remains	 an	 issue,	 biomass	 will	 play	 a	 growing	 role	 as	 a	 backup,	dispatchable	energy	source.	A	majority	of	this	biopower	(60.4	%)	comes	from	CHP	plants.	On	the	 other	 hand,	 CHP	 plants	 represent	 the	 smallest	 use	 for	 traditional	 power	 generation	 at	only	 11.7	 percent,	 whereas	 power-only	 plants	 amount	 to	 88.3	 percent.	 Europe’s	 largest	producers	 of	 electricity	 from	 biomass	 are	 Germany	 and	 the	 United	 Kingdom,	 with	respectively	7.6	GW	and	5.6	GW	of	installed	capacity,	and	respectively	52	TWh	and	30	TWh	of	generation.	 They	 are	 in	 the	 top	 five	 countries	 generating	bioelectricity,	 together	with	 Italy,	around	20	TWh	of	generation	in	2016,	and	France	[36].	Spain	set	a	goal	for	biopower	of	1350	MW	of	capacity	to	be	installed	in	the	period	2011-2020,	in	the	Renewable	Energy	Plan	2011-





1.4.1.		Basic	Principles	The	 basic	 principle	 behind	 the	 concept	 of	 a	 hybrid	 power	 plant	 is	 that	 it	 is	 possible	 to	combine	two	different	technologies	for	generating	electricity,	compensating	the	drawbacks	of	each	 one	 in	 order	 to	 improve	 the	 overall	 performance	 of	 the	 power	 plant	 and	 lower	 the	capital	costs.	As	described	in	the	previous	chapters,	CSP	is	a	mature	and	attracting	technology	for	 the	 production	 of	 electricity	 and	 heat	 from	 a	 renewable	 energy	 source	 [38].	 However,	standalone	CSP	power	plants	suffer	from	intermittent	energy	output	due	to	day/night	cycles	and	also	from	reduced	irradiation	periods	during	winter,	as	well	as	cloudy	days	or	transients	[39].	 This	 intermittent	 nature	 of	 solar	 energy	 leads	 to	 unfavorable	 solar	 power	 system	performances	and	low	capacity	factor	[40].	The	integration	of	a	thermal	energy	storage	(TES)	system	 can	 make	 CSP	 dispatchable	 and	 increase	 its	 energy	 conversion	 efficiency	 and	flexibility.	However,	even	with	TES	the	capacity	factor	of	solar	power	plants	is	often	still	low	[41].	 Furthermore,	 the	 integration	 of	 efficient	 heat	 storage	 systems	 (e.g.	 molten	 salts,	concrete	 and	 latent	 heat)	 results	 in	 a	 higher	 specific	 investment	 for	 the	 solar	 power	 plant	[40].	In	response,	many	hybrid	solar/fossil-fuelled	plants	are	currently	in	operation	or	under	development	 to	 mitigate	 this	 issue.	 As	 an	 alternative	 to	 fossil	 fuels,	 biomass	 can	 be	 an	interesting	renewable	energy	option	for	hybridization	[41].		Biomass	combustion	 is	also	a	mature	renewable	power	generation	 technology,	with	a	 large	number	 of	 power	 plants	 in	 operation	 worldwide	 [40].	 Biomass	 power	 plants	 are	 more	flexible	 compared	 to	 CSP,	 and	 can	 operate	 continuously	 since	 they	 only	 rely	 on	 the	availability	of	 the	biomass	 feedstock	 (i.e.	 the	 renewable	 fuel).	However,	 they	can	have	high	investment	 costs,	 uncertain	 supply	 chain	 security	 and	 require	 bulk	 transportation	 [39].	 In	general	 terms,	 larger	 plants	 benefit	 from	 higher	 energy	 efficiencies	 and	 take	 advantage	 of	increasing	 economies	of	 scale,	 but	 encounter	difficulties	 to	 ensure	 a	 sustainable	 and	 stable	supply	of	biomass	feedstock	[42].		Although	 biomass	 often	 exhibits	 seasonal	 availability	 and	 presents	 specific	 logistic	 and	supply	 constraints,	 it	 is	 complementary,	 both	 seasonally	 and	 diurnally,	 with	 CSP,	 and	 this	hybridization	 could	 contribute	 to	 overcome	 the	 individual	 drawbacks	 of	 these	 primary	energy	resources	and	allow	such	plants	to	achieve	either	base	load	or	flexible	operation	[41].	The	 integration	 of	 the	 CSP	 with	 a	 biomass	 boiler	 can	 improve	 the	 flexibility	 and	competitiveness	of	the	power	plant,	increasing	the	number	of	equivalent	operating	hours	and	decreasing	 the	 size	 of	 the	 solar	 arrays.	On	 the	 other	 hand,	 the	 biomass	 system	 can	 benefit	from	 this	 integration	since	 the	 required	biomass	consumption	 in	 the	hybrid	power	plant	 is	reduced,	thereafter	decreasing	the	risk	associated	with	the	biomass	supply	[40].	 In	the	end,	the	 integrated	 system	 is	 more	 sustainable	 and,	 if	 correctly	 designed,	 can	 lead	 to	 higher	efficiencies	[38].	Hybrid	CSP-biomass	power	plants	consist	of	two	major	subsystems	[20]:		




concentrators	 are	 preferred	 as	 they	 represent	 the	 most	 commercially-proven	 and	reliable	option.	Despite	 lower	concentrating	ratios,	 they	have	values	of	annual	solar	and	 thermal	 efficiencies,	 as	 well	 as	 capacity	 factor	 comparable	 to	 the	 other	technologies.	Moreover,	 the	modularity	of	PT	 technology	compared	 to	ST	allows	 for	more	flexibility	in	the	choice	of	the	size	of	the	solar	field.			
• The	biomass	co-powering	system,	with	the	aim	of	 increasing	the	temperature	of	the	HTF	 coming	 from	 the	 solar	 field	 to	 feed	 the	 steam	 boiler,	 or	 heating	 up	 water	 to	produce	steam	 to	 run,	 together	with	 the	 steam	coming	 from	 the	solar-driven	steam	boiler,	 the	 steam	 turbine.	 Available	 technologies	 include	 biomass	 combustion	 and	gasification,	 with	 the	 former	 preferred	 over	 the	 latter	 due	 to	 its	 maturity	 and	reliability.	 In	 fact,	 despite	 the	 lower	 system	 efficiency	 compared	 to	 conventional	gasification	 and	 IGCC,	 the	 combustion	 technology	 is	 the	 most	 widely	 deployed	 for	power	 generation	due	 to	 its	 economic	 competitiveness	 (i.e.	 lower	 investment,	O&M	and	labor	costs).				It	 is	not	a	case	that,	due	to	the	good	trade-off	between	performance	and	reliability,	the	only	commercially	 operational	 hybrid	 power	 plant	 operates	 with	 PT	 technology	 (i.e.	 the	Termosolar	Borges	in	Lleida,	Spain).	Despite	the	advantages	highlighted,	a	lot	of	work	is	still	required	 in	 order	 to	 support	 the	market	 diffusion	 of	 hybrid	 CSP-biomass	 power	 plants,	 as	demonstrated	by	the	very	limited	number	of	actual	installations,	which	in	Europe	include	the	only	Spanish	example	[38].			





















Plant	In	 the	 first	 section	 of	 the	 present	 report,	 an	 extensive	 introduction	 comprehensive	 of	 a	literature	 review	has	 been	 presented	 regarding	 the	main	 technologies	 utilized	 for	 CSP	 and	Biomass	 power	 generation,	 including	 both	 design	 and	 operational	 aspects	 of	 each	 of	 them.	Moreover,	 the	hybrid	CSP-biomass	 technology	has	been	 introduced,	 in	order	 to	understand	the	 main	 operating	 principles	 and	 key	 advantages	 of	 combining	 the	 two	 technologies	together	 for	 generating	 renewable	 electricity.	 In	 this	 section,	 the	 focus	 is	 put	 on	 the	description	 and	 numerical	 simulation	 of	 the	 only	 existing	 CSP-biomass	 power	 plant	 in	 the	World:	the	Termosolar	Borges	operating	in	Lleida,	Spain.	First,	the	main	characteristics	of	the	power	plant	 are	presented,	 including	 the	 location	 and	orientation	 as	well	 as	 its	 layout	 and	operating	principle.	Then,	the	mathematical	models	of	the	different	power	plant	components	are	described,	 in	order	 to	understand	how	they	work	and	how	the	power	plant	works	as	a	whole,	 followed	 by	 a	 brief	 overview	 of	 the	 simulation	 environment	 based	 on	 TRNSYS	 16	software.	 Finally,	 the	 simulation	 results	 are	 presented	 regarding	 some	 typical	 days	 of	operation	(e.g.	sunny/cloudy	day).	The	results	obtained	are	compared	with	the	performance	parameters	of	the	reference	power	plant,	in	order	to	check	the	consistency	of	the	model	and	validate	its	outcomes.		



















Solar	Field	The	installation	consists	of	a	solar	field	located	in	183120	m2	that	has	been	subdivided	into	4	subfields	 connected	 in	 parallel.	 In	 total	 there	 are	 336	 collectors	 of	 100	 m	 length	 each,	grouped	 in	 56	 loops,	which	 convert	 direct	 solar	 radiation	 into	 thermal	 energy	 through	 the	heating	 of	 the	 thermal	 oil	 that	 circulates	 inside	 the	 absorbent	 tubes	 of	 the	 collectors.	 Each	collector	consists	of	8	units	of	12	m	in	 length	and	5.77	m	in	diameter	with	parabolic	shape,	the	collector	is	supported	on	the	ground	by	9	pillars	one	of	which	is	motorized	to	provide	the	system	with	the	necessary	movement	to	track	the	sun	so	that	the	incident	radiation	is	always	concentrated	in	the	tube	through	which	the	oil	circulates.	The	receiver,	or	absorbent	tube,	is	in	charge	of	converting	the	energy	of	concentrated	sunlight	into	thermal	energy	of	the	heat-carrying	fluid	[44].	In	the	case	of	this	project,	the	chosen	model	was	the	UVAC	2010,	supplied,	as	for	the	rest	of	the	solar	field	components,	by	Siemens	subsidiary	Siemens	Sunfield	[46].	The	 thermal	 interconnection	 between	 the	 solar	 field	 and	 the	 power	 cycle	 is	 carried	 out	through	 the	oil	 flow.	The	cold	oil	 from	 the	power	 cycle	 is	directed	 to	 the	 field	of	 collectors	where	it	is	heated	from	about	293	°C	to	a	temperature	of	393	°C.	Alternatively,	the	oil	can	be	directed	to	the	biomass	boilers	that	will	serve	as	support	during	the	nights	and	days	of	lower	radiation	[44].				
		
Figure	2.4:	Termosolar	Borges	power	plant:	solar	field		




integrated	with	gas	burners,	shown	in	Figure	2.5,	were	provided	by	 INTEC	Energy	 [47].	The	available	biomass	is	a	mix	of	forest	waste	and	energy	crops	[48].	The	transfer	of	energy	to	the	thermal	oil	is	carried	out	in	such	a	way	that	the	boiler	fumes	at	a	temperature	of	900	°C	flow	through	the	radiation	chamber,	where	begins	the	transfer	of	the	energy	contained	in	the	fumes	to	the	thermal	oil	circulating	inside	a	serpentine;	 later	in	the	convention	chamber	the	transferring	process	of	thermal	energy	is	concluded.	Afterward	the	still	hot	fumes	circulate	through	a	heat	recovery	system	preheating	the	combustion	air,	and	finally	they	are	taken	to	a	set	of	emission	treatment	elements	(cyclones	and	electro-filters)	to	ensure	 optimal	 levels,	 well	 below	 of	 those	 marked	 by	 legislation.	 This	 unit	 is	 capable	 of	heating	 the	 thermal	 oil	 to	 a	 temperature	 of	 393	 °C	 to	 send	 it	 later	 to	 the	 oil-water	 heat	exchange	 train	where	 the	 superheated	 steam	 required	by	operating	 the	 turbo-alternator	 is	generated.	 As	 mentioned	 above,	 it	 can	 work	 independently	 of	 the	 solar	 field	 or	 even	 in	 a	complementary	way	[44].				
		
Figure	2.5:	Termosolar	Borges	power	plant:	biomass	unit		




The	 superheated	 steam	 feeds	 a	MAN	Diesel	 &	 Turbo	 MARC-R	 steam	 condensation	 turbine,	shown	 in	 Figure	 2.6,	 an	 interim	 heating	 turbine	 with	 two	 casings.	 Constructed	 out	 of	 a	MARC2-B01	backpressure	type	turbine	and	a	MARC6-C04	condenser	type	turbine,	the	MARC-R	 forms	 part	 of	 the	 MARC,	 short	 for	 Modular	 Arrangement	 Concept.	 The	 construction	increases	 the	 thermodynamic	 efficiency,	 thereby	 enhancing	 the	 overall	 efficiency	 of	 the	power	plant	considerably	[47].	Once	it	has	gone	through	the	first	stage,	the	steam	with	a	much	lower	pressure	is	reheated	to	371	 °C	 by	 a	 reheater	 that	 takes	 a	 small	 part	 of	 the	 thermal	 oil	 from	 the	 solar	 field	 and/or	biomass	unit.	This	superheated	medium	pressure	steam	feeds	the	second	stage	of	the	turbine.	Both	turbines	are	integral	with	the	same	axis	and	move	the	alternator	previous	reduction	of	the	speed	of	rotation	until	the	1500	rpm.	The	total	 installed	power	is	(24.29)	25	MW,	(with	the	total	energy	discharged	to	the	power	grid	of	98,000	MWh/year)	[44].		
		
Figure	2.6:	Termosolar	Borges	power	plant:	HP	and	LP	steam	turbines	




2.1.3.		Operating	Principle	The	 hybridized	 configuration	 of	 the	 power	 plant	 allows	 a	 continuous	 power	 generation,	achieved	in	different	ways	depending	on	the	time	of	day,	the	weather	and	the	season	of	the	year.	 The	 plant	 works	 producing	 electricity	 between	 50%	 and	 100%	 of	 the	 Turbine	 Load	Point	 (TLP).	 During	 daylight	 in	 winter,	 the	 plant	 operates	 with	 solar	 energy	 that	 will	 be	complemented	with	biomass,	 focusing	 the	 turbine	 to	 its	maximum	 load	(and	performance),	while	at	night,	 the	plant	operates	only	with	biomass	but	with	a	TLP	of	50%.	This	 is	mainly	due	to	the	availability	of	biomass	feedstock:	if	enough	biomass	was	available	in	the	area,	the	plant	would	be	able	 to	operate	at	100%	TLP	also	during	night	 time.	The	 thermal	oil	 (HTF)	flows	constantly,	with	an	increase	in	temperature	of	100	°C	in	the	thermal	block	[48].	So,	at	any	moment	a	constant	flow	of	HTF	of	at	least	50%	of	the	rated	mass	flow	is	maintained,	in	order	to	operate	the	power	block	at	least	at	50%	of	its	rated	power,	regardless	the	time	of	the	day.	A	scheme	of	the	power	plant	working	conditions	can	be	seen	in	Figure	2.7.	




2.2.		Power	Plant	Modeling	In	this	section,	 the	Termosolar	Borges	hybrid	power	plant	 is	modeled,	with	the	aid	of	some	computer	programmes.	For	the	gross	capacity	of	25	MWe,	MATLAB	software	is	used	to	model	the	 power	 plant	 at	 reference	 weather	 conditions,	 especially	 for	 determining	 the	 different	state	 points	 of	 the	 steam	 cycle,	 including	 properties	 such	 as	 pressure,	 temperature	 and	specific	enthalpy.	The	outputs	of	the	code	are	then	used	as	reference	values	in	TRNSYS	for	the	modeling	 and	 simulation	 of	 the	 power	 plant	 also	 at	 off-design	 weather	 conditions.	 In	 the	
TRNSYS	 simulation,	 the	 components	 taken	 from	 the	 library	 of	 Solar	 Thermal	 Electric	Components	 (STEC)	 are	 used	 for	 both	 solar	 and	 conventional	 power	 cycle	 elements,	 in	addition	to	the	built-in	TRNSYS	components.	First,	the	methodology	adopted	for	the	modeling	of	the	power	plant	is	presented,	both	from	a	technical	and	economic	point	of	view,	together	with	 the	 main	 assumptions	 made,	 followed	 by	 the	 mathematical	 models	 of	 the	 main	components	of	the	plant.	These	components	are	described	in	order	to	understand	how	they	work	and	how	the	power	plant	works	as	a	whole	from	a	more	scientific	point	of	view.	Then	a	brief	overview	of	the	simulation	environment	based	on	TRNSYS	16	software	is	presented,	in	order	to	introduce	its	main	features,	especially	for	those	not	familiar	with	this	particular	kind	of	simulation	environment.	The	simulation	results	regarding	some	typical	days	of	operation	(e.g.	sunny/cloudy	day)	are	presented	in	the	following	section.		




working	pressures	and	temperatures	of	the	steam	generator	and	turbines	are	set,	as	well	as	more	technical	parameters,	such	as	the	aperture	area	of	the	solar	field	among	others.	Since	 TRNSYS	 software	 is	 used	 for	 simulating	 the	 performance	 of	 the	 power	 plant	 at	 each	hour	during	an	entire	year,	also	at	off-design	weather	conditions,	and	generating	-	the	power	plant	-	in	these	weather	conditions	less	power	than	the	rated	capacity,	it	has	to	be	highlighted	the	 importance	of	using	a	 consistent	weather	 file	 in	 relation	 to	 the	 location	of	 the	plant,	 to	perform	a	valid	yearly	simulation.	For	the	particular	case	of	the	Termosolar	Borges,	monthly	average	daily	values	of	global	horizontal	solar	radiation	are	taken	from	the	ADRASE	website	[51],	managed	by	the	CIEMAT	research	group	of	the	Spanish	Ministery	of	Economy,	Industry	and	Competitiveness.					
	 	




















1	 100.00	 375.00	 3018.7	 107345	
2	 43.50	 275.79	 2872.8	 8323	
3	 41.32	 272.78	 2872.8	 8323	
4	 25.00	 223.94	 2771.2	 7187	
5	 23.75	 221.23	 2771.2	 7187	
6	 25.00	 223.94	 2771.2	 91835	
7	 22.50	 375.00	 3189.4	 91835	
8	 12.00	 300.21	 3047.4	 5726	
9	 11.04	 299.05	 3047.4	 5726	
10	 5.00	 202.35	 2860.2	 5108	
11	 4.75	 201.74	 2860.2	 5108	
12	 2.00	 120.23	 2699.3	 5579	
13	 1.90	 118.62	 2699.3	 5579	
14	 0.50	 81.35	 2508.8	 5504	
15	 0.47	 80.07	 2508.8	 5504	
16	 0.06	 36.18	 2326.0	 69919	
17	 12.14	 36.29	 153.0	 86110	
18	 11.79	 77.07	 323.5	 86110	
19	 11.44	 115.62	 485.8	 86110	
20	 11.04	 148.35	 625.4	 86110	
21	 110.70	 186.30	 795.9	 107345	
22	 110.40	 218.23	 938.2	 107345	
23	 110.00	 250.15	 1086.6	 107345	
24	 5.00	 28.00	 117.8	 11114112	
25	 4.95	 31.28	 131.5	 11114112	
	 Jan	 Feb	 Mar	 Apr	 May	 Jun	 Jul	 Aug	 Sep	 Oct	 Nov	 Dec	!!,!"#$%"&'()	
[kWh/m2]	 2.3	 3.4	 4.8	 5.9	 7.3	 7.8	 7.9	 6.6	 5.3	 3.5	 2.1	 		1.6	
T	



































to	be	 a	 fixed	value	 (around	10200	 [kWh/year])	 as	 reported	 in	 [54]	 and	 constantly	divided	between	 the	 three	 months	 of	 July,	 August	 and	 September.	 Consequently,	 the	!!",!"# 	is	considered	to	be	the	annual	generation	minus	the	summer	months,	and	the	equation	applied	in	this	case	is			(3)																																																					!!",!"# = !!",!"#!!""# − !!",!"#!!"#$		where	!!",!"#!!""# 	and	!!",!"#!!"#$ 	are	 respectively	 the	 electricity	 generations	 from	 the	independent	 power	 plant	 having	 the	 biomass	 unit	 as	 the	 source	 of	 thermal	 power	 at	 the	hours	6554	and	4368,	which	correspond	to	the	shutdown	period	of	the	biomass	unit	from	the	1st	of	July	to	the	31st	of	August.	In	the	end,	the	total	electricity	generation	is	also	multiplied	for	a	 factor	 of	 0.9,	 which	 has	 been	 found	 to	 be	 the	 electricity	 gross	 to	 net	 factor	 for	 the	Termosolar	Borges,	which	accounts	for	the	electricity	consumption	of	the	pumps	circulating	the	steam	and	the	HTF	during	the	yearly	operation.		
Cost	Analysis	Besides	 the	 annual	 operational	 results,	 some	 economic	 parameters	 are	 also	 calculated	 in	order	to	make	more	complete	the	analysis	of	the	simulated	power	plant.	In	the	cost	analysis,	two	 different	 parameters	 are	 analyzed:	 the	 investment	 costs	 and	 the	 levelized	 cost	 of	electricity	(LCOE).	Both	parameters	are	calculated	for	two	independent	power	plants	based	respectively	 on	CSP	 and	biomass	 technologies,	 in	 order	 to	 assess	 the	 cost	 of	 implementing	only	one	of	 the	two	technologies	alone,	and	for	the	hybrid	power	plant,	 taking	 into	account	the	 fact	 that	 in	 this	 case	 some	 components	 are	 shared	 during	 operation.	 The	 motivation	behind	 this	 approach	 is	 that,	 at	 the	 moment	 of	 analyzing	 the	 economic	 results	 of	 the	simulated	 hybrid	 power	 plant,	 it	will	 be	 easier	 to	 identify	 the	 benefits,	with	 respect	 to	 the	increased	costs,	of	choosing	the	hybrid	configuration	instead	of	only	CSP	or	only	biomass	one.	For	 the	 calculation	 of	 the	 investment	 costs,	 the	 cost	 of	 the	main	 components	 of	 the	 power	plants	 is	 determined	 in	 order	 to	 obtain	 in	 the	 end	 the	 total	 investment	 cost	 of	 the	 plants	based	on	each	one	of	the	technologies,	and	the	specific	investment	cost	in	euros	per	kilowatt	of	installed	gross	capacity.	Contingencies	(fconting)	are	accounted	as	a	percentage	of	7%	of	the	total	 cost	 of	 the	 components,	 and	 form	 with	 them	 the	 total	 direct	 costs.	 EPC	 (engineer-procure-construct)	and	owner	costs	(fEPC	&	owner)	are	accounted	as	a	percentage	of	11%	of	the	total	 cost	 of	 the	 components.	 No	 project	 financing	 and	 land	 costs	 are	 considered.	 These	percentages	were	found	to	be	typical	values,	and	are	the	same	used	by	System	Advisory	Model	




report	 which	 include	 the	 updated	 costs	 for	 parabolic	 trough	 solar	 fields	 and	 biomass	combustion	power	plants,	and	properly	adjusted	in	the	case	of	the	hybrid	configuration.	
	












	(7)																																																											!"#$ = !!"#∙!!!!&!!!!"#∙!!! 	where	!!"#	represents	the	total	 investment	cost,	calculated	using	the	previous	equations	for	the	three	cases	of	the	different	technologies,	!!&!	represents	the	operation	and	maintenance	costs,	!!"# 	represents	 the	 decommissioning	 costs,	 assumed	 as	 10%	 of	 the	 total	 investment	costs,	and	!!	represents	the	net	electricity	generated	by	the	power	plant	 in	the	first	year	of	operation.	 A	 degradation	 rate	 is	 applied	 to	 the	 electricity	 generated	 in	 years	 after	 the	 first	one,	 to	 account	 for	 a	 decrease	 in	 the	 efficiency	 of	 the	 plant.	 Regarding	!	and	!,	 they	 are	respectively	 the	 annualization	 factor	 and	 discount	 factor,	 calculated	 using	 the	 following	equations		(8)																																																													! =  (!!!)!∙!(!!!)!!!		,		! =  !(!!!)!!!	




costs,	 which	 are	 in	 part	 taken	 from	 [55]	 and	 in	 part	 assumed	 basing	 on	 the	 particular	simulation	performed.			
Table	2.5:	Annual	costs	and	operational	parameters	for	the	25	MWe	Termosolar	Borges	power	plant													The	fixed	O&M	costs	of	larger	plants	are	lower	per	kW	due	to	economies	of	scale,	especially	for	labor.	So,	in	the	case	of	the	upscaled	50	MW	power	plants,	they	are	considered	as	80%	of	the	 fixed	 O&M	 costs	 of	 the	 reference	 case.	 The	 same	 reasoning,	 based	 on	 the	 concept	 of	economies	of	scale,	applies	to	the	capital	costs,	which	will	be	 increased	by	a	factor	of	1.8	 in	the	case	of	the	upscaled	plants.	The	values	of	the	different	economic	parameters	involved	in	the	 calculation	 of	 the	 total	 investment	 costs	 and	 LCOE	will	 be	 defined	 in	 the	 different	 cost	analysis	sections	of	the	simulation	results,	since	they	may	change	depending	on	the	particular	characteristics	of	the	considered	power	plant.	These	values	are	typical	ones	and	are	the	same	used	 by	 SAM	 programme	 in	 the	 simulation	 of	 projects	 based	 on	 the	 two	 technologies	considered	in	this	work	[53].	Moreover,	it	must	be	specified	that	the	cost	of	the	components	refer	to	the	year	2015,	so	close	to	the	period	2011-2013	in	which	the	Termosolas	Borges	was	commissioned	and	constructed,	with	relatively	higher	prices	different	from	the	current	ones.	














2.2.2.		Mathematical	Models	In	order	 to	understand	 the	mode	of	 operation	of	 the	different	 components	which	 form	 the	power	 plant,	 it	 is	 necessary	 to	 introduce	 the	 mathematical	 models	 which	 describe	 the	thermodynamics	 and	 physics	 behind	 them.	 This	 is	 done	 in	 this	 chapter,	 presenting	 the	mathematical	models	of	the	main	components	directly	taken	from	the	TRNSYS	library,	which	report,	 for	 each	 component,	 the	 equations	 which	 describe	 their	 working	 principles.	 These	equations	are	the	same	applied	by	TRNSYS	software	when	simulating	the	performance	of	the	power	 plant	 and	 its	 components	 starting	 from	 the	 inputs	 provided	 by	 the	 user.	 The	main	components	 here	 described	 are	 the	 solar	 field,	 the	 biomass	 unit	 and	 the	 power	 block.	 In	addition,	 it	 is	 provided	 a	 brief	 explanation	 of	 the	 control	 system	 implemented	 in	 the	simulation	 for	 the	 regulation	 of	 the	 thermal	 oil	 (HTF)	 feeding	 the	 heat	 recovery	 steam	generator	(HRSG).	 In	 fact,	 for	keeping	the	power	plant	 in	constant	operation,	 it	 is	crucial	 to	assure	a	constant	flow	of	HTF	to	the	HRSG,	in	order	to	generate	steam	and	run	the	Rankine	cycle.		
Solar	Field	The	modelization	of	the	solar	 field	 is	done	through	the	“parabolic	trough”	(type	396)	of	the	
TRNSYS	STEC	Library.	 It	calculates	the	demanded	mass	flow	rate	of	the	thermal	oil	(HTF)	to	achieve	a	user-defined	outlet	temperature	(Tout),	set	to	393°C,	by		




		!!"!# 	has	a	more	complex	formula,	and	accounts	for	losses	in	the	piping	and	expansion	vessel	using	empirical	coefficients	(i.e.	 tank	heat	 loss	rate	at	275	°C	[kW],	piping	heat	 loss/area	at	343	 °C	 [W/m2]).	The	 model	 considers	 also	 electrical	 parasitics	 for	 tracking,	 start-up	 and	shutdown	 as	well	 as	 for	 pumping.	 The	 shutdown	 is	 performed	 automatically	 at	 high	wind	speeds	(v>13	m/s).		A	flow	rate	ramp-down	period	is	now	included	so	that	the	flow	rate	at	the	end	of	the	day	is	linearly	decreased	to	a	level	(RDRatio)	normally	higher	than	the	turn-down	ratio	(TDR)	over	a	specified	 time	period	(RDTime).	The	 fraction	of	 field	 tracking	 the	sun	can	be	specified	by	the	user	as	a	control	input	[57].		





from	the	outlet	pressure,	 the	steam	mass	 flow	rate	and	reference	values	of	 inlet	and	outlet	pressure	and	mass	flow	rate	using	Stodola’s	law	of	the	ellipse.	It	evaluates	the	outlet	enthalpy	from	the	inlet	enthalpy	and	inlet	and	outlet	pressure	using	an	isentropic	efficiency	[59].	This	is	calculated,	considering	a	reference	value	of	80%,	by		(8)																												!!" = !!",!"# ∙ (1 + ! ∙ !!" + ! ∙ !!"! + ! ∙ !!"!)								limited	between	0.2	and	1	with									
(9)																																																		!!" = !!!!"#!!"# 								limited	between	±0.7	and	(10)																																																					ℎ!"# = ℎ!" − !!" ∙ (ℎ!" − ℎ!",!")	The	power	generated	by	the	turbine	is	in	the	end	equal	to	(11)																																																				!!"# = !!" ∙ !!"# ∙ (ℎ!" − ℎ!"#)	considering	a	generator	efficiency	of	98%.	The	turbine	stage	model	is	utilized	two	times	since	the	reheating	process	of	the	steam	after	the	first	expansion	has	to	be	modeled.	
Control	System	For	keeping	the	power	plant	 in	constant	operation,	 it	 is	crucial	 to	assure	a	constant	 flow	of	thermal	oil	 (HTF)	to	the	heat	recovery	steam	generator	(HRSG),	 in	order	to	generate	steam	and	run	the	Rankine	cycle.	This	is	done	through	a	specifically	designed	control	system	which	balances	 the	 streams	of	HTF	 coming	 from	 the	 solar	 field	 and	 the	 biomass	 unit,	 in	 order	 to	obtain	a	unique	stream,	at	a	given	temperature	and	pressure,	to	feed	the	HRSG.	Not	existing	any	specific	component	for	this	purpose	in	the	built-in	TRNSYS	library,	the	“equa”	component	is	used,	together	with	user-defined	equations,	in	order	to	implement	the	control	mechanism.	The	main	 principle	 behind	 it	 is	 that	 solar	 energy	 is	 intermittent,	 and	must	 be	 exploited	 as	much	as	possible	giving	priority	 to	 the	 flow	of	 thermal	oil	 coming	 from	 the	 solar	 field.	The	biomass	unit	 is	used	as	 a	 support,	 during	 the	daytime,	 and	an	alternative,	during	 the	night	time,	for	heating	the	remaining	part	of	the	required	mass	flow	rate	of	thermal	oil.	Considering	the	rated	power	of	the	solar	field	and	biomass	unit,	the	maximum	mass	flow	rates	of	thermal	oil	coming	from	them	are	respectively	equal	to		




	 	(14)		!!!",!"# = !!!",!!!,!"# 	,																					if			!!!",!",!"# −!!!",!" > !!!",!"#,!"# 			 (15)		!!!",!"# = !!!",!",!"# −!!!",!" 	,			if			!!!",!",!"# −!!!",!" < !!!",!"#,!"# 			In	this	way,	we	assure	that	every	moment	during	daytime	in	which	the	mass	flow	rate	coming	from	the	solar	field	is	not	enough	to	run	the	steam	cycle	alone,	the	biomass	unit	is	turned	on	to	 support	 the	 generation	 of	 the	 required	 mass	 flow	 rate	 of	 thermal	 oil.	 The	 maximum	thermal	power	which	can	be	delivered	by	the	biomass	unit	is	34	MW.	This	is	the	reason	why	the	control	of	!!!",!"#	is	made	in	relation	to	the	maximum	mass	flow	rate	of	thermal	oil	which	the	 biomass	 unit	 is	 capable	 of	 generating,	!!!",!"#,!!! ,	 instead	 of	!!!",!",!"# .	 Otherwise,	values	 of	 required	 mass	 flow	 rate	 from	 the	 biomass	 unit	 above	 its	 generating	 capability	would	 be	 obtained.	 This	 control	 system	 also	 automatically	 adjusts	 itself	 in	 case	 no	 solar	radiation	is	available,	or	during	night	time.	In	fact,	in	both	cases	the	maximum	mass	flow	rate	of	 thermal	 oil	 fed	 to	 the	 HRSG	 corresponds	 to	 the	 one	 of	 the	 biomass	 unit	 alone	 (i.e.	 147	kg/s),	leading	to	a	gross	power	generation	of	12.5	MWe	,	half	of	the	nominal	power	generation	during	daytime,	as	in	the	reference	power	plant	[48].		
2.2.3.		TRNSYS	Simulation		The	purpose	of	using	TRNSYS	software	for	the	modeling	and	simulation	of	the	power	plant	is	to	 study	 its	operation	at	weather	 conditions	different	 from	 the	 reference	values.	At	 this	off	design	weather	conditions,	the	power	plant	generates	less	power	than	the	rated	capacity,	and	the	 software	 automatically	 adjusts	 the	 working	 points	 for	 the	 steam	 turbines	 giving	 the	effective	 hourly	 power	 generation.	 This	 becomes	 really	 useful	 when	 calculating	 the	 yearly	performance	of	a	power	plant	based	mainly	on	the	solar	resource,	because	of	the	variability	of	solar	radiation	due	to	transients	(e.g.	clouds).	The	main	components	used,	all	 taken	from	

















2.3.1.		Annual	Results	The	annual	results	obtained	from	the	simulation	of	the	power	plant	are	shown	in	Table	2.6.	The	two	columns	of	the	table	show	respectively	the	simulated	results	and	the	expected	ones,	in	order	to	perform	a	comparison	with	the	reference	plant	and	check	if	the	model	utilized	was	consistent	 and	 the	 simulation	 was	 performed	 correctly.	 The	 simulated	 yearly	 electricity	generation	is	98800	MWh,	very		
	
Table	2.6:	Simulated	and	expected	annual	results	of	the	25	MWe	Termosolar	Borges	power	plant	


















solar	 field	 is	operating	around	500	hours	more	 than	 in	 the	 real	power	plant,	 and	 the	 same	amount	 of	 hours	 represents	 the	 difference	 between	 the	 simulated	 and	 expected	 operating	hours	of	the	biomass	unit.	Due	to	the	correlation	between	the	two	outputs,	it	can	be	deduced	that	 the	 meteorological	 file	 could	 play	 a	 role	 in	 this	 discrepancy,	 leading	 to	 a	 better	performance	 of	 the	 solar	 field	 to	 the	 detriment	 of	 the	 biomass	 unit.	 The	 same	 conclusion	explains	 the	 difference	 in	 the	 simulated	 and	 expected	 biomass	 energy	 and	 biomass	consumptions:	170940	MWh	corresponding	 to	56980	 tonnes	 in	 the	 simulated	case,	 against	the	 210000	 MWh	 and	 70000	 tonnes	 of	 the	 real	 power	 plant.	 Having	 obtained	 the	 same	electrical	 efficiency	 (around	 36%)	 as	 in	 the	 real	 case,	 and	 assumed	 the	 same	 LHV	 of	 the	biomass	feedstock	(3	kWh/kg),	the	deviation	only	depends	on	the	reduced	generation	of	the	biomass	unit	 of	 the	 simulated	plant,	with	 the	 consequent	 reduced	 consumption	of	biomass	feedstock.	The	annual	simulation	results	are	also	presented	on	a	monthly	basis	 in	Table	2.7	below.		
Table	2.7:	Estimated	monthly	gross	electricity	generation	(in	kWh)	based	on	CSP,	biomass	combustion	and	
natural	gas	for	the	25	MWe	Termosolar	Borges	power	plant	
		As	it	can	be	noticed,	the	power	generation	in	December	is	equal	to	zero,	being	the	operation	of	 the	 power	 plant	 suspended	 for	 maintenance	 issues.	 The	 overall	 electricity	 output	 is	relatively	 stable	 throughout	 the	 year	 between	 8800-9500	MWh,	 with	 peaks	 in	 summer	 of	about	13000	MWh,	and	lowest	generation	in	September	of	about	5300	MWh.	This	 is	due	to	the	 fact	 that	 the	 operational	 period	 is	 divided	 in	 8	months	 on	 hybridization	mode,	 during	winter	time,	and	3	months	on	solar	mode,	corresponding	to	the	July-September	period,	to	not	exceed	 the	 quota	 for	 biomass	 burning	 that	 establishes	 the	 regulations	 (i.e.	 50%	 electricity	generation	from	biomass)	[48].	In	this	way,	the	power	plant	benefits	from	the	relatively	high	contribution	 from	 the	 solar	 field	 in	 summer,	 still	 operating	 the	 biomass	 unit.	 On	 the	 other	hand,	during	the	shut	down	period	for	the	biomass	unit,	the	additional	natural	gas	boilers	are	used	 to	 support	 the	solar	 field	 for	heating	 the	HTF,	 leading	 to	a	 reduction	 in	 the	electricity	




























































































































































































































































































































Investment	[€]	 115000000	 41700000	 152000000	
Operating	
Costs	[€/year]	 777066	 4476860	 3942701	
Eq.	Hours	of	
Operation	[Hours/year]	 1519	 8016	 6442	
Biomass	
Consumption	[Tonnes/year]	 0	 73333	 62160	
Net	Electricity	
Generation	[MWh/year]	 34175	 100200	 98800	





Plant	In	the	previous	section,	it	was	presented	a	comprehensive	analysis	of	the	only	existing	CSP-biomass	power	plant	in	the	World,	the	Termosolar	Borges	operating	in	Lleida,	Spain.	After	an	extensive	 description	 of	 the	 plant,	 a	 numerical	 simulation	 through	 TRNSYS	 software	 was	conducted	 in	 order	 to	 reproduce	 the	 operating	 conditions	 of	 the	 plant	 and	 simulate	 its	outputs.	 In	 the	 end,	 the	 simulation	 results	 allowed	 to	 validate	 the	 model	 and	 prove	 its	consistency,	even	 if	minor	deviations	 from	the	real	operating	parameters	of	 the	plant	were	found.	In	this	section,	the	focus	is	put	on	the	upscaling	of	the	simulated	power	plant	to	a	gross	capacity	of	50	MWe,	simulation	and	analysis	of	the	same	plant	using	the	same	methodology	as	in	the	previous	section,	to	obtain	the	annual	performance	parameters	of	a		hybrid		power	plant	twice	the	size	of	the	Termosolar	Borges,	but	the	same	size	of	a	typical	CSP	power	plant	in	Spain.	Finally,	a	technical	and	economical	comparison	is	conducted,	between	the	 reference	 25	 MW	 and	 upscaled	 50	 MW	 power	 plants	 with	 conventional	 50	 MWe	 CSP	power	plants	in	Spain	and	in	the	World,	with	and	without	TES,	in	order	to	check	if	the	hybrid	CSP-biomass	configuration	can	be	competitive	from	the	point	of	view	of	the	performance,	and	economics,	 with	 conventional	 power	 plants.	 (Biomass	 combustion	 power	 plants	 are	 also	included	in	this	final	study,	being	biomass	one	of	the	two	sources	of	primary	energy,	together	with	solar	radiation,	on	which	the	hybrid	power	plant	rely.)	












































































































































































































































































































































Investment	[€]	 207000000	 83400000	 274000000	
Operating	
Costs	[€/year]	 1269757	 8524476	 7136101	
Eq.	Hours	of	
Operation	[Hours/year]	 1527	 8016	 6418	
Biomass	
Consumption	[Tonnes/year]	 0	 146666	 123410	
Net	Electricity	
Generation	[MWh/year]	 68711	 200400	 197118	









CSP	Power	Plants	After	having	obtained	the	performance	parameters	of	the	reference	and	the	upscaled	50	MWe	hybrid	 power	 plants,	 and	 having	 analyzed	 the	 two	 plants	 also	 from	 an	 economic	 point	 of	view,	calculating	some	economic	parameters	such	as	the	total	investment	costs	and	LCOEs,	it	is	 now	 possible	 to	 compare	 them	 with	 conventional	 50	 MW	 CSP	 power	 plants	 based	 on	parabolic	 trough	 technology.	 This	 comparison	 is	 conducted	 to	 assess	 if	 the	 hybrid	 CSP-biomass	 configuration	 can	 be	 competitive	 with	 conventional	 CSP	 plants,	 both	 with	 and	without	 TES,	 from	 both	 the	 point	 of	 views	 of	 the	 performance	 and	 economics.	 For	 this	purpose,	some	Spanish	CSP	plants	are	selected	as	a	reference,	together	with	some	other	CSP	plants	situated	in	extra-European	countries	including	India,	South	Africa,	Kuwait	and	UAE.	A	list	of	 these	CSP	plants	 is	shown	in	Table	3.5,	reporting	the	exact	 location	of	 the	plants	and	available	DNI,	the	installed	capacity,	the	aperture	area	of	the	solar	field,	the	storage	capacity,	the	 expected	 electricity	 generation	 and	 the	 total	 cost.	 All	 the	 information	 regarding	 these	plants	are	taken	from	the	National	Renewable	Energy	Laboratory	(NREL)	database	at	[61].	Southern	Spain	accommodates	the	great	majority	of	the	CSP	power	plants	in	operation	today,	having	an	average	DNI	of	1900–2100	kWh/m2	year,	and	thus	representing	the	most	suitable	location	 in	 Europe	 guaranteeing	 an	 increased	 electricity	 production	 for	 a	 power	 plant	 that	relies	 entirely	 on	 solar	 resource	 [43].	 It	 is	 interesting	 to	 notice	 how	 a	 hybrid	 CSP-biomass	power	 plant	 as	 the	 Termosolar	 Borges,	 located	 in	 North	 East	 Spain	 within	 the	 region	 of	average	annual	solar	DNI	of	1600–1800	kWh/m2	year,	with	an	installed	capacity	of	25	MW,	is	capable	of	generating	98000	MWh/year	of	electricity,	approaching	the	electricity	generation	of	 conventional	 50	 MW	 CSP	 plants	 without	 TES	 characterized	 by	 expected	 outputs	 in	 the	range	 of	 100000-110000	 MWh/year.	 Some	 exceptions	 are	 represented	 by	 Lebrija	 1	 and	














Expected	Output	[MWh/year]	 Cost	[million	€]	2009	 Ibersol	Ciudad	Real	Puertoellano	 38.64N	3.97W	 2061	 50	 287760	 0	 103000	 200	2009	 La	Risca	Badajoz	 38.82N	6.82W	 2174	 50	 352854	 0	 105200	 230	2010	 Majadas	I	Caceres	 39.96N	5.74W	 2142	 50	 372240	 0	 104500	 237	2011	 Lebrija	1	Sevilla	 37.003N	6.048W	 1993	 50	 412020	 0	 120000	 303	2012	 Olivenza	1	Badajoz	 38.81N	7.06W	 2107	 50	 402210	 0	 100000	 284	2012	 Orellana	1	Badajoz	 38.99N	5.54W	 2133	 50	 405500	 0	 118000	 240	2013	 Enerstar	Alicante	 38.73N	0.92W	 1907	 50	 339506	 0	 100000	 225	2008	 Andasol	1	Granada	 37.23N	3.07W	 2136	 50	 510120	 7.5	 158000	 310	2012	 Astexol	II	Badajoz	 38.81N	7.052W	 2052	 50	 510120	 8	 170000	 225	2012	 La	Africana	Cordoba	 37.74N	5.1W	 1950	 50	 550000	 7.5	 170000	 387	2013	 Arenales	Sevilla	 37.15N	5.54W	 2220	 50	 510120	 7	 166000	 313	2013	 Casablanca	Badajoz	 39.24N	5.31W	 2061	 50	 510120	 7.5	 160000	 345	2013	 Termosol	1	Badajoz	 39.19N	5.58W	 2054	 50	 523200	 9	 180000	 409	2013	 Godawari	Solar	Project	India	(North)	 27.60N	72.00E	 1895	 50	 392400	 0	 118000	 103	









• The	 25	 MW	 hybrid	 power	 plant	 is	 capable	 of	 generating	 98000	 MWh/year	 of	electricity,	approaching	the	electricity	generation	of	conventional	50	MW	CSP	plants	without	 TES	 characterized	 by	 expected	 outputs	 in	 the	 range	 of	 100000-110000	MWh/year.		
• With	an	annual	consumption	of	biomass	feedstock	equal	to	62160	tonnes/year,	there	are	 no	 constraints	 to	 the	 supply	 chain,	 being	 the	 quantity	 available	 locally	 in	 the	region	around	60000-90000	tonnes/year	[60].		
• The	reduced	overnight	costs	of	 the	25	MW	hybrid	power	plant,	especially	due	to	 its	reduced	 size,	 have	 a	 positive	 impact	 on	 the	 LCOE,	 which	 is	 150.9	 €/MWhe,	 much	lower	 than	 the	 LCOE	 of	 conventional	 50	 MW	 CSP	 plant,	 in	 the	 range	 of	 175-250	€/MWh	(5%	WACC	case)	[62].		
• The	upscaled	50	MW	hybrid	power	plant	generates	197118	MWh/year	of	electricity,	overcoming	 the	 electricity	 generation	 of	 conventional	 50	MW	 CSP	 plants	 with	 TES	characterized	by	expected	outputs	in	the	range	of	160000-180000	MWh/year.			
• The	 required	 amount	 of	 biomass	 feedstock,	 around	 123410	 tonnes/year,	 could	represent	a	constraint	during	the	operation	of	the	plant,	being	the	quantity	available	locally	in	the	province	of	Lleida	around	60000-90000	tonnes/year	[60].		
• The	supply	of	biomass	 feedstock	 to	 the	upscaled	50	MW	hybrid	power	plant	can	be	guaranteed	 by	 the	 exploitation	 of	 the	 biomass	 resources	 available	 in	 the	 nearest	provinces.	 For	 instance,	 Huesca	 and	 Barcelona	 show	 a	 total	 potential	 of	 available	biomass	of	120000-180000	tonnes/year.		
• Thanks	to	the	hybridization,	the	reduced	dimension	of	the	solar	field	have	a	positive	impact	 on	 the	 LCOE	 of	 the	 upscaled	 plant,	 around	 136.6	 €/MWhe,	 which	 is	competitive	with	 the	LCOE	of	CSP	plants	with	TES,	 in	 the	range	of	116-200	€/MWh	(5%	WACC	case)	[62].		




4.		Feasibility	Study	In	 the	previous	section,	 the	 reference	power	plant	was	upscaled	 to	a	50	MW	hybrid	power	plant,	having	the	same	size	of	typical	CSP	power	plants	based	on	parabolic	trough	technology	in	 Spain.	 A	 simulation	 of	 the	 plant	was	 then	 conducted,	 using	 the	 same	methodology	 as	 in	section	2,	to	obtain	the	annual	performance	parameters	of	the	plant,	 in	order	to	carry	out	a	technical	 and	 economical	 comparison	 between	 the	 reference	 25	MW	 and	 upscaled	 50	MW	power	plants	with	conventional	50	MW	CSP	power	plants	in	Spain	and	outside	Europe,	with	and	without	TES.	In	the	end,	it	was	possible	to	highlight	the	competitivity	of	the	hybrid	CSP-biomass	 configuration	 from	 the	 point	 of	 view	 of	 the	 performance,	 and	 economics,	 with	conventional	 CSP	 power	 plants.	 Having	 obtained	 positive	 results,	 a	 feasibility	 study	 is	conducted	in	this	section.	The	final	objective	of	this	study	is	to	assess	in	which	extent	the	size	of	 the	 hybrid	 power	 plant,	 as	well	 as	 the	 availability	 and	 cost	 of	 the	 biomass	 feedstock	 in	Spain,	 can	 affect	 its	 operation,	 and	 what	 is	 the	 potential	 of	 the	 biomass	 combustion	technology	 for	 CSP	 hybridization	 also	 in	 extra-Spanish	 and	 extra-European	 contexts.	 First,	the	installed	capacity	of	the	hybrid	power	plant	is	increased,	starting	from	25	MW,	in	order	to	check	 which	 size	 of	 the	 plant	 would	 assure	 a	 sustainable	 supply	 of	 biomass	 to	 the	 plant	without	 limiting	 its	 operation,	 at	 the	 same	 time	 guaranteeing	 better	 economic	 conditions.	Then,	a	more	economic	analysis	is	conducted	on	the	variation	of	the	LCOE	in	relation	to	the	price	of	 the	biomass	 feedstock,	one	of	 the	most	 important	parameters	when	evaluating	 the	economics	of	only-biomass	and	hybrid	power	plants.	Finally,	the	location	of	the	hybrid	power	plant	 is	 changed	 to	 estimate	 how	 different	 climate	 and	 geographic	 conditions	 affect	 its	electricity	generation,	the	requirement	of	biomass	feedstock	and	economics.			






































reported	 in	 Table	 4.3,	 indicating	 the	 annual	 O&M	 costs	 and	 LCOE	 for	 each	 biomass	 price	simulated	at	each	location,	for	a	power	plant	size	of	50	MW.		
Table	4.3:	Annual	O&M	costs	and	LCOE	for	different	biomass	prices	of	hybrid	power	plants	in	Northern	and	
Southern	Spain	
			As	it	can	be	noticed,	 in	both	cases	increasing	the	cost	of	the	biomass	leads	to	an	increase	of	the	 LCOE,	 due	 to	 the	 increased	 annual	 O&M	 costs.	 From	 a	 base	 case	 of	 40	 €/tonne,	 with	LCOEs	of	126.48	€/MWh	and	124.68	€/MWh	respectively	for	the	plants	in	Lleida	and	Sevilla,	the	plant	in	Southern	Spain	shows	to	be	less	sensitive	to	the	variation	of	the	price	of	biomass.	In	 fact,	 an	 increase	 in	 the	 cost	 of	 2.5	 times,	 up	 to	 100	 €/tonne,	 leads	 to	 an	 increase	 of	17c€/MWh	 compared	 to	 the	 21c€/MWh	of	 the	 plant	 in	Northern	 Spain.	 So,	 increasing	 the	price	of	the	biomass,	it	is	more	convenient	to	build	the	hybrid	plant	in	Southern	Spain,	due	to	the	lower	dependency	on	the	biomass	resource.	Anyway,	the	differences	in	the	LCOEs	of	the	two	 hybrid	 plants	 are	 not	 so	 relevant,	 confirming	 the	 potential	 of	 the	 hybrid	 technology	especially	in	relation	to	those	regions	characterized	by	a	lower	solar	resource.		A	final	interesting	analysis	can	be	conducted	comparing	the	obtained	results	with	the	LCOEs	of	 only-biomass	 power	 plants,	 which	 rely	 entirely	 on	 the	 biomass	 feedstock	 and	 are	 even	more	sensitive	to	the	variations	in	its	price.	In	the	context	of	actual	emission	trading	schemes	that	 are	 increasing	 the	 cost	 of	 pollution,	 and	 so	 the	 carbon	 prices,	 some	 big	 utilities	 are	repowering	 with	 sustainable	 biomass,	 and	 considering	 biomass	 power	 plants	 as	 a	 viable	option	for	baseload	power	generation	[67].	In	this	context	of	increased	demand	for	biomass	systems,	the	hybrid	CSP-biomass	technology	shows	to	be	a	great	alternative	to	only-biomass	power	plants.	And	the	convenience	 is	not	only	 limited	to	sunny	regions,	but	also	 to	regions	characterized	 by	 a	 lower	 solar	 resource.	 Table	 4.4	 reports	 the	 variation	 in	 the	 LCOE	 of	 an	only-biomass	 power	 plant	 in	 relation	 to	 the	 price	 of	 the	 feedstock.	 In	 the	 same	 table,	 the	ratios	 between	 the	 hybrid	 power	 plants	 and	 the	 only-biomass	 plant	 are	 shown,	 for	 each	biomass	price	and	for	each	location.		






		As	 it	 can	 be	 seen,	 only-biomass	 power	 plants	 are	 the	most	 sensible	 to	 the	 variation	 in	 the	price	 of	 the	 fuel:	 an	 increase	 in	 the	 cost	 from	40	€/MWh	of	 2.5	 times,	 up	 to	 100	€/tonne,	leads	to	an	increase	of	24c€/MWh.	This	value	shows	how	increasing	the	price	of	biomass,	it	becomes	more	 convenient	 to	 build	 hybrid	 power	 plants,	 including	 the	 hybrid	 CSP-biomass	plants	 analyzed	 in	 this	 work.	 In	 fact,	 the	 hybridization	 of	 CSP	 mitigates	 the	 effect	 of	 the	increased	prices	for	the	renewable	fuel.	Regarding	the	potential	 in	different	 locations,	again	Southern	Spain	appears	 to	be	 the	most	 convenient	 choice	due	 to	 the	higher	DNI	and	 lower	dependence	on	 the	biomass	resource	of	 the	hybrid	plant.	However,	 it	 can	be	seen	 from	the	results	how,	under	the	economic	assumptions	made	for	the	simulations,	the	differences	in	the	ratios	 for	 the	 hybrid	 plants	 built	 in	Northern	 and	 Southern	 Spain	 are	 not	 so	 relevant;	 this	confirms	 the	potential	of	 the	hybrid	CSP-biomass	 technology	especially	 in	 relation	 to	 those	regions	 of	 Norhtern	 Spain	 with	 a	 lower	 solar	 resource,	 an	 average	 annual	 direct	 solar	irradiation	 of	 1600–1800	 kWh/m2	 year,	 compared	 to	 those	 regions	 of	 Southern	 Spain	characterized	by	higher	DNI,	around	1800–2000	kWh/m2	year,	and	more	typically	chosen	for	CSP	projects.													






















41.60N	15.47E	 1679	 69266	 128229	 217895	 129524	 138.55	Salerno	
Southern	
Italy	
40.03N	15.28E	 1801	 75500	 122891	 218791	 124132	 136.96	Bari	
Southern	
Italy		
41.11N	16.85E	 1839	 78296	 124487	 223183	 125744	 134.61	Andravida	
Greece	
37.93N	21.33E	 1713	 74702	 124807	 219909	 126067	 136.64	Carpentras	
Southern	
France	
























35.39N	119.04W	 2702	 102128	 110450	 232978	 111565	 126.48	Upington	
South	
Africa	
28.44S	21.25E	 2909	 118498	 94463	 233361	 95417	 123.39	Geraldton	
Australia	
20.14S	114.13E	 2411	 99989	 112670	 233059	 113808	 126.84	Anantapur	
Southern	
India		
16.99N	80.14E	 1830	 80628	 120792	 221820	 122012	 134.72		Sevilla	
Spain	
37.06N	5.15W	 2222	 94680	 103770	 218850	 104818	 133.24	Lleida	




4.2.1		United	States	With	1.7	GW	of	installed	capacity	in	operation,	the	CSP	industry	is	pretty	well-established	in	the	 United	 States.	 The	 first	 CSP	 power	 plants,	 named	 Solar	 Energy	 Generating	 Systems	(SEGS),	were	 built	 in	 the	 1980s	 in	 California.	With	 a	 cumulative	 total	 capacity	 of	 354	MW,	they	 are	 the	 second	 largest	 solar	 thermal	 generating	 facility	 after	 the	 Ivanpah	Solar	Power	Facility,	 which	 entered	 in	 operation	 in	 2013	 with	 a	 gross	 capacity	 of	 392	 MW,	 also	 in	California	 [73].	 And	 California	 is	 also	 the	 location	 chosen	 for	 the	 simulation	 of	 the	 hybrid	power	 plant,	 due	 to	 the	 high	 available	 DNI	 but	 also	 the	 really	 high	 availability	 of	 biomass	resources,	estimated	around	250000-500000	tonnes/year	 in	the	Bakersfield	area,	 including	forest	 and	 crop	 residues,	 primary	 and	 secondary	 mill	 residues	 [74].	 The	 results	 of	 the	simulation	show	an	expected	gross	electricity	generation	of	around	232978	MWh/year,	43%	from	CSP	and	47%	from	biomass.	Due	to	the	high	available	DNI,	around	2702	kWh/m2	year,	the	share	of	electricity	generation	from	CSP	is	increased	with	the	consequent	reduction	of	the	biomass	 requirement.	With	an	LCOE	of	126.48	€/MWh,	 the	hybrid	 technology	 shows	 to	be	competitive	with	the	LCOE	of	current	operating	CSP	plants,	always	keeping	into	account	the	economic	assumptions	made	for	the	simulation.	In	fact,	the	lowest	LCOE	of	an	American	CSP	project	was	obtained	by	the	110	MW	Crescent	Dunes	plant	with	10	hours	of	storage,	around	150	€/MWh	[62].				
4.2.2		South	Africa	The	CSP	in	South	Africa	is	one	of	the	most	dynamic	emerging	markets	in	the	World.	After	the	renewed	worldwide	attention	for	CSP,	the	government	of	South	Africa	realized	the	 levels	of	DNI	were	 among	 the	 highest	 in	 Africa	 and	 the	World,	 and	 the	 abundance	 of	 available,	 flat	land,	 ideal	 for	 the	 application	of	CSP	 technology,	 convinced	 them	 to	 invest	on	 it.	With	only	400	 MW	 of	 installed	 capacity	 in	 operation,	 the	 country	 is	 constructing	 and	 planning	 CSP	projects	 for	300	MW	and	more	[75].	Moreover,	 the	 interest	 in	biomass	power	generation	 is	also	growing,	relying	the	country	still	heavily	on	fossil	fuels,	especially	low-quality	coal,	and	due	to	recent	interest	in	reducing	fuel	emissions	and	decentralize	electricity	generation	[76].	And	 regarding	 biomass	 availability,	 there	 are	 tonnes	 of	 available	 forest,	 agricultural	 and	plantation	 residues,	 due	 to	 the	not	well-developed	 sector	of	Bioenergy	 in	 the	 country	 [77].	The	 region	around	Upington,	 in	particular,	has	 the	highest	 levels	of	 solar	 radiation,	 around	2909	kWh/m2	year,	so	 it	was	chosen	as	the	 location	for	the	simulation	of	the	hybrid	power	plant.	 The	 expected	 gross	 electricity	 generation	 of	 the	 simulated	 plant	 is	 around	 233361	MWh/year,	51%	from	CSP	and	41%	from	biomass.	In	this	case,	the	effects	of	the	higher	DNI	are	even	more	relevant	than	in	the	case	of	California,	with	the	biomass	requirement	sensibly	reduced	 from	 the	 reference	 case	 by	 23%.	 The	 LCOE	 of	 123.39	 €/MWh	 clearly	 shows	 the	potential	 of	 hybrid	 power	 plants	 for	 a	 country	 so	 interested	 in	 investing	 in	 both	 CSP	 and	biomass	for	power	generation.		








5.		Business	Potential		The	 solar	 industry	 is	 undergoing	 a	 serious	 and	 continuous	 development,	 becoming	 very	attractive	 from	 a	 business	 standpoint.	 Some	 emerging	 markets	 are	 driving	 today	 the	development	 of	 CSP	 technology	 worldwide,	 namely	 China,	 India,	 Northern	 and	 Southern	Africa,	Middle	East	 [14].	This	 represents	a	massive	opportunity	 for	European	multinational	energy	 companies,	 which	 could	 take	 the	 lead	 in	 the	 process	 of	 developing	 the	 innovative	hybrid	technology	in	the	above-mentioned	countries,	especially	those	already	present	in	the	CSP	 industry	 and	more	 experienced.	 Also	 at	 a	 European	 level,	 the	 potential	 for	 the	 hybrid	technology	 is	 high:	 hybrid	 solar-biomass	 plants	 may	 be	 an	 alternative	 option	 for	 RE	generation	for	those	regions	where	the	solar	resource	is	moderate	but	biomass	resources	are	readily	available	[43],	unlocking	new	market	opportunities.	Even	if	CSP	is	now	limited	to	the	areas	around	the	“sun	belt”,	 the	hybrid	concept	could	make	it	evolve	into	an	affordable	and	scalable	alternative	to	conventional	power	generation	at	competitive	levels,	representing	the	only	 RE	 option	 able	 to	 provide	 both	 base	 and	 peak-load,	 when	 deployed	 as	 alternative	 to	actual	 expensive	 TES	 systems	 [10].	 The	 large-scale	 deployment	 of	 such	 innovative	 hybrid	technology	could	induce	various	benefits	such	as	energy	security,	climate	protection,	income	from	exports	of	 electricity	as	well	 as	 components	and	services,	private	 sector	development	and	 job	creation	 [82].	 In	 this	chapter,	all	 these	aspects,	 including	 the	keys	 for	a	sustainable	development	of	the	industry	in	Europe,	will	be	analyzed.		
5.1.		R&D	and	Innovation:	a	Business	Opportunity	for	ABANTIA	and	




two	 companies	 in	 a	 privileged	position.	As	 a	 consultancy	 company	 focusing	 its	work	 in	 six	different	 business	 areas,	 including	 the	 area	 of	 R&D	 (Abantia	 I+D+i)	 [84],	 the	 potential	 for	
Abantia	 for	 keeping	 investigating	 in	 the	 hybrid	 technology	 and	 its	 possible	 applications	 is	huge.	COMSA	EMTE	is	more	involved	in	the	O&M	of	the	plant	situated	in	Lleida,	providing	the	required	biomass	necessary	 for	 the	operation	of	 the	plant	 and	 treating	 it	 on-site	before	 its	utilization	 as	 fuel	 [85].	 Taking	 part	 in	 the	 operation	 of	 this	 one-of-a-kind	 power	 plant,	 the	possibility	to	improve	even	more	the	provided	services	represents	a	unique	opportunity	for	the	group.	So,	the	R&D	potential	related	to	the	hybrid	CSP-biomass	technology	is	massive	and	represents	an	important	opportunity	for	the	above-mentioned	companies.		As	the	Spanish	firm	Abengoa,	that	has	been	one	of	the	most	successful	in	deploying	CSP	plants	around	 the	 world,	 including	 several	 large	 projects	 in	 the	 U.S.	 (e.g.	 the	 280	 MW	 Solana	Generating	Station),	Abantia	might	follow	the	same	line	offering	project	development,	project	management,	engineering,	procurement	and	construction	in	one	package	related	to	the	CSP-biomass	 technology	 for	hybrid	generation.	As	stated	above,	 the	CSP	 industry	 is	expected	 to	grow	 in	 the	MENA	 region,	 characterized	 by	 a	 very	 developed	 olive	 oil	 industry	 [82].	 After	having	proved	the	reliability	of	 the	biomass	combustion	boiler	configuration,	moving	to	the	development	of	a	biomass	gasification	boiler,	able	 to	handle	olive	oil	 residues	as	 feedstock,	would	 represent	 a	 very	 attracting	 opportunity.	 This	 is	 only	 one	 example	 of	many	 possible	directions	 towards	 which	 R&D	 might	 evolve,	 with	 many	 possible	 new	 components	 and	configurations	 that	 could	 be	 developed	 and	 commercialized,	 representing	 new	 market	opportunities	for	the	company.		Considering	Europe	as	a	whole,	it	offers	a	strong	technology	base,	being	home	to	some	of	the	world’s	 leading	multinational	 energy	 and	 systems	 integration	 companies,	 as	 well	 as	many	smaller	 research	 institutions	 and	 specialized	 companies.	 The	 development	 of	 such	 hybrid	systems	requires	critical	mass	plus	multidisciplinary	skills	and	innovations.	The	networking	teams	 and	 efforts	 are	 more	 important	 than	 individual	 concrete	 actions	 to	 make	 a	breakthrough	 and	 achieve	 success	 in	 research	 and	 development,	 demonstration	 and	commercialization.	Integration	of	partners	together	over	Europe	would	provide	to	joint	R&D	projects	 a	 wide	 flexibility	 to	 minimize	 the	 technical	 risks	 and	 enhance	 its	 success.	 The	possibility	 to	 integrate	experts	 from	bioenergy,	 solar	energy,	power	generation,	 economics,	as	 well	 as	 SMEs,	 hardly	 available	 in	 one	 country,	 would	 represent	 an	 added	 value.	 This	projects	would	provide	know-how	for	all	partners	which	can	be	applied	as	the	markets	grow,	as	well	as	patents,	stimulating	the	"clean	energy"	economy.		
5.2.		Europe	and	Hybrid	CSP-Biomass	Technology:	Unlocking	New	




accommodates	the	great	majority	of	the	CSP	power	plants	in	operation	today,	being	the	most	suitable	 location	 for	 increasing	the	electricity	production	of	 the	power	plants,	consequently	reducing	 their	 levelized	 cost	 of	 electricity	 and	 increasing	 their	 reliability	 and	 feasibility.	However,	DNI	below	that	range	may	be	useful	for	hybrid	technologies	[43].	For	instance,	the	world's	 only	 hybrid	 solar	 biomass	 power	 plant	 is	 located	 in	 North	 East	 Spain,	 within	 the	region	 of	 average	 annual	 direct	 solar	 irradiation	 of	 1600–1800	 kWh/m2	 year.	 With	 a	continuous,	stable	electricity	generation	of	around	98000	MWh/year	during	its	first	years	of	operation,	Termosolar	Borges	proved	that	it	is	possible	to	build	such	hybrid	power	plants	in	locations	 far	 away	 from	 optimal	 solar	 irradiation.	 A	 similar	 result	 expands	 the	 possible	regions	 (in	 Spain	 and	 elsewhere)	 where	 CSP	 could	 be	 effective	 since	 even	 if	 the	 location	might	not	be	ideal	for	CSP	alone,	combining	it	with	a	well-situated	biomass	plant	can	enable	renewable	 generation	 in	 areas	 that	 might	 be	 less	 competitive	 otherwise	 [46].	 The	possibilities	do	not	become	 infinite,	but	 still	many	 regions	 in	Europe	become	now	suitable,	and	 many	 markets	 for	 hybrid	 CSP	 and	 biomass	 technologies	 disclosed,	 including	 among	others	 Turkey,	 southern	 Italy	 and	 southern	 Greece.	 It	 must	 be	 added	 that	 due	 to	 their	unconventional	configurations,	hybrid	solar-biomass	power	plant	should	be	located	in	a	place	where	not	only	solar	irradiance	is	good	but	where	there	is	also	a	good	availability	of	biomass	resources	since	a	backup	is	needed	when	there	is	insufficient	solar	thermal	energy	[43].		And	 the	 potential	 of	 the	 hybrid	 technology	 is	 not	 limited	 just	 to	 the	 construction	 of	 new	power	 plants,	 but	 also	 to	 the	 retrofit	 of	 existing	 ones.	 Recently	 the	 Italian	 developer	Falck	
Renewables	 retrofitted	an	existing	14	MWe	biomass	power	plant	 that	was	originally	built	 in	2000,	by	converting	it	into	a	hybrid	biomass-CSP	plant	[86].	Realized	in	Cambria	(Italy)	it	is	a	low-temperature	 hybrid	 that	 use	 Fresnel	 as	 CSP	 technology,	 operating	 at	 300°C	 and	 using	virgin	wood	 as	 the	 biomass	 feedstock.	 Retrofitting	 an	 older	 renewable	 project	 to	 a	 hybrid	with	 another	 renewable	 like	 the	 Falck	 plant	 does	 make	 sense,	 but	 Fresnel	 plants	 are	relatively	few,	so	the	real	potential	relies	on	older	parabolic	trough	plants.	The	main	benefit	of	such	a	retrofit	would	be	being	able	to	operate	the	plant	more	hours	per	year,	increasing	the	efficiency	of	the	power	plant	itself	since	the	power	block	it	is	used	for	longer	hours	per	year	[86].	 In	this	sense,	 from	an	 investment	point	of	view,	a	hybrid	 is	more	efficient	 than	a	pure	CSP	 plant	 and	 the	 potential	 of	 retrofitting	 old	 and	 inefficient	 existing	 power	 plants	 could	represent	 the	 next	 big	 market	 opportunities	 for	 the	 companies	 operating	 in	 the	 CSP	 and	Biomass	sectors.		




Considering	 also	 the	planned	CSP	 capacity	 for	 the	 same	period,	 around	4170	MW	 [87],	we	obtain	 a	 full-time	 equivalent	 job	 ratio	 of	 4.4	 jobs/MWp	 for	 the	 CSP	 technology	 including	manufacturing,	 contracting	 and	 installation	 and	 O&M.	 Analyzing	 the	 particular	 case	 of	 the	
Termosolar	Borges,	 from	 the	 available	 data	 it	 can	be	 observed	 that	 the	 hybrid	 power	plant	created	 approximately	 350	 jobs	 during	 construction,	 plus	 30	 direct	 and	 50	 indirect	 jobs	during	operation	[88].	It	means	14	jobs/MW	during	the	construction	and	assembly,	plus	1.2	direct	and	2	indirect	jobs	(3.2	in	total)	per	MW	installed	generated	by	the	O&M	of	the	plant.		Direct	economic	effects	are	related	to	the	construction	of	the	plant,	while	indirect	effects	are	from	demand	in	the	supply	chain.	Induced	effects	can	arise	from	a	higher	consumption	due	to	the	 increased	 wealth.	 All	 these	 aspects	 can	 contribute	 to	 a	 growth	 of	 the	 GDP.	 The	development	 of	 CSP	 industry	 based	 on	 an	 innovative	 technology,	 as	 it	 is	 the	 hybrid	 one,	would	be	beneficial	under	all	the	aspects	for	any	country.	Regarding	Spain,	it	would	place	the	country	 in	 a	 favorable	 position	 to	 be	 globally	 competitive	 and	 leader	 in	 the	 exports	 for	specific	systems	and	services.	Furthermore,	 job	creation	and	economic	growth	are	the	main	local	 benefits	 for	 the	 interested	 countries.	 The	 CSP	 technology	 is	 a	 technology	 able	 to	effectively	involve	the	local	population,	in	a	process	of	innovation	towards	a	more	sustainable	future,	boosting	local	industry	and	developing	the	local	manufacture	sector.		
5.4.		Energy	Independence	and	Energy	Diversification	The	external	energy	dependency	of	a	country	constitutes	a	structural	deficiency,	is	a	source	of	high	 commercial	 deficit	 and	 a	 latent	 factor	 of	 instability.	 Considering	 Spain,	 in	 2015	 the	external	energy	dependency	was	about	73%,	superior	to	that	of	the	European	Union,	around	52%,	and	most	of	the	Western	countries	[89].	In	this	context,	it	is	clear	that	the	diversification	of	the	energy	sources	of	the	country,	together	with	a	reduced	dependency	on	energy	imports	from	other	countries,	can	bring	stability	to	the	national	economy	and	contribute	to	reducing	the	 commercial	 deficit	 of	 the	 national	 balance	 of	 payments.	 In	 the	 case	 of	 RE	 systems,	 the	effect	 is	 even	more	 important,	 producing	 relevant	 environmental	 benefits	 and	 putting	 the	country	on	 the	path	 for	a	 long-term	sustainable	development.	 It	 should	also	be	pointed	out	that	investing	in	new	renewable	generation	capacity	would	allow	Spain	to	increase	its	income	from	electricity	exports,	thanks	to	the	very	strategic	location	of	the	country,	representing	the	only	real	physical	connection	between	Europe	and	Northern	Africa.		










6.		Summary,	Conclusions	and	Future	Research	In	 the	present	work,	 the	potential	 for	biomass	hybridization	of	CSP	power	plants,	based	on	parabolic	 trough	technology,	has	been	analyzed.	CSP	has	shown	 its	ability	 to	 integrate	with	fossil	 fuel-based	 generation	 sources	 in	 “hybrid”	 configurations,	 and	 Integrated	 Solar	Combined	 Cycles	 (ISCC)	 power	 plants	 are	 just	 one	 example.	 Also,	 completely	 renewable	hybrid	systems	are	possible	if	hybridization	is	realized	integrating	CSP	with	the	well-known	biomass	combustion	technology.	Concentrating	solar	power	(CSP)	represents	one	of	the	most	attracting	 renewable	 energy	 technologies.	 It	 presents	 the	 great	 advantage,	when	 compared	with	other	RES,	of	providing	both	firm	and	dispatchable	electricity,	especially	when	deployed	with	 thermal	 energy	 storage	 (TES)	 systems,	 being	 a	 valid	 alternative	 to	 both	 renewable	hydropower	 plants	 and	 conventional	 fossil	 fuel-based	 power	 plants.	 Its	 implementation	 is	only	limited	by	the	available	solar	resource,	specifically	the	Direct	Normal	Irradiation	(DNI),	making	 it	 a	 feasible	 solution	only	 in	 the	 areas	 around	 the	 “sun	belt”,	 characterized	by	high	values	of	DNI,	above	2000	kWh/m2	year.	In	contrast,	hybrid	CSP-biomass	power	plants	only	need	 around	1700	kWh/m2	 year	 of	 average	DNI,	 extending	 the	 areas	 of	 application	 of	 CSP	technology,	and	representing	a	great	alternative	for	hybridization	compared	to	expensive	CSP	deployed	with	TES,	as	shown	in	the	results	of	this	work.	The	integration	of	the	biomass	boiler	into	the	CSP	power	plant,	thanks	to	their	complementarity	as	primary	energy	resources,	lead	to	 the	 advantages	 of	 	 improving	 the	 flexibility	 and	 competitiveness	 of	 the	 power	 plant,	increasing	 its	 electrical	 efficiency	 and	 number	 of	 equivalent	 operating	 hours,	 finally	improving	 the	 overall	 performance	 of	 the	 power	 plant	 and	 reducing	 its	 capital	 costs	 and	LCOE.		The	 analysis	 of	 the	 hybrid	 technology	 is	 conducted	 in	 this	 work	 through	 the	 numerical	simulation	of	the	only	existing	hybrid	CSP-biomass	power	plant	in	the	world,	the	Termosolar	








deployment	 of	 such	 innovative	 hybrid	 technology	 could	 induce	 various	 benefits	 also	 at	 a	country	level,	such	as	energy	security,	climate	protection,	income	from	exports	of	electricity	as	well	as	components	and	services,	private	sector	development	and	job	creation.		The	hybrid	power	plant	under	study	has	proven	to	be	 feasible	and	reliable.	However,	some	interesting	points	could	be	further	analyzed,	in	order	to	increase	even	more	the	competitivity	and	attractiveness	of	the	emerging	CSP-biomass	technology:		
• The	 hybridization	 operation	 mode	 at	 the	 Termosolar	 Borges	 plant	 is	 performed	through	 a	 biomass	 combustion	 boiler,	 which	 uses	 mainly	 forest	 residues,	 with	 the	addition	of	agriculture	waste	from	grapes,	fruit	trees	and	corn.	This	solution	is	based	on	 the	 well-known	 and	 commercially	 available	 biomass	 combustion	 technology,	which	 has	 shown	 to	 be	 reliable	 and	 efficient.	 However,	 as	 means	 of	 hybridization,	biomass	gasification	boiler	is	another	attracting	solution.	As	emerging	alternative	for	power	 generation,	 it	 shows	 the	 great	 advantages	 over	 direct	 combustion	 of	 lower	emissions	 and	 the	 ability	 to	handle	 a	wider	 range	of	 biomass	 feedstocks	 and	waste	fuels,	 including	olive	oil	 residues.	 Indeed,	 the	olive	oil	 industry	 is	very	developed	 in	Spain	and	other	Mediterranean	countries,	generating	large	amounts	of	solid	residues	that	can	be	used	as	feedstock.			
• The	 potential	 of	 the	 hybrid	 technology	 could	 be	 extended	 not	 only	 to	 new	 CSP-biomass	power	plants	 but	 also	 to	 the	 retrofit	 of	 existing	 ones.	 Retrofitting	 an	 older	renewable	 project	 to	 a	 hybrid	 with	 another	 renewable	 does	 make	 sense,	 but	 it	 is	crucial	to	properly	match	the	biomass	feedstock	and	the	specific	CSP	technology,	due	to	the	different	temperature	requirements.	 	The	benefits	of	such	a	retrofit	would	be	being	able	to	operate	the	plant	more	hours	per	year,	 increasing	the	efficiency	of	the	power	plant	itself	since	the	power	block	it	is	used	for	longer	hours	per	year.	From	an	investment	 point	 of	 view,	 a	 hybrid	 is	more	 efficient	 than	 a	 pure	 CSP	 plant	 and	 the	potential	of	retrofitting	old	and	inefficient	existing	power	plants	could	represent	the	next	 big	market	 opportunities	 for	 the	 companies	 operating	 in	 the	CSP	 and	Biomass	sectors.		






































































































































































































































































































































Annex	II:	Calculation	of	the	different	O&M	costs	of	the	25	MWe	Termosolar	Borges	power	plant	The	following	is	a	particular	of	the	excell	sheet	utilized	for	the	calculation	of	the	O&M	costs	in	the	case	of	the	reference	25	MW	hybrid	power	plant.	The	same	calculations	are	performed	 in	 the	case	of	 the	25	MW	standalone	solar	and	biomass	power	plants,	as	well	as	 for	 the	 three	50	MW	upscaled	power	plants	(based	on	solar,	biomass	or	hybrid).	The	O&M	costs	are	then	used	for	the	calculations	of	the	LCOEs	of	the	plants.		
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Annex	III:	Calculation	of	the	different	LCOEs	for	the	three	power	plant	based	on	CSP,	biomass	combustion	and	hybrid	
CSP-biomass	technologies	The	following	is	a	particular	of	the	excell	sheet	utilized	for	the	calculation	of	the	LCOEs	of	the	three	power	plants	based	on	the	different	technologies	under	study,	in	the	case	of	a	total	installed	capacity	of	25	MW	and	50	MW.	The	cost	of	the	biomass	feedstock	is	assumed	to	be	70€/tonne.	The	same	calculations	are	performed	in	the	different	cases	of	the	feasibility	study,	for	different	prices	of	the	biomass	feedstock,	with	consequent	different	O&M	costs,	or	locations,	with	consequent	higher	or	lower	electricity	generations.			
	
